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We present our experiments on refractometric sensing with ultrahigh-Q, crys-
talline, birefringent magnesium fluoride (MgF2) whispering gallery mode resonators.
The difference to fused silica which is most commonly used for sensing experiments
is the small refractive index of MgF2 which is very close to that of water. Compared
to fused silica this leads to more than 50% longer evanescent fields and a 4.25 times
larger sensitivity. Moreover the birefringence amplifies the sensitivity difference be-
tween TM and TE type modes which will enhance sensing experiments based on
difference frequency measurements. We estimate the performance of our resonators
and compare them with fused silica theoretically and present experimental data
showing the interferometrically measured evanescent decay and the sensitivity of
mm-sized MgF2 whispering gallery mode resonators immersed in water. They show
reasonable agreement with the developed theory. Furthermore, we observe stable Q
factors in water well above 1× 108.
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2I. INTRODUCTION
Whispering gallery mode (WGM) resonators have been established as a powerful tool for
various sensing application over the last decade. Such dielectric resonators confine light via
total internal reflection close to their surface causing an evanescent field leaking out into the
environment. The resulting high-Q resonances are thus sensitive to parameter changes of
the resonator itself as well as of the surrounding. The applications range from refractometric
sensing [11, 29], temperature [10] and pressure sensing [14, 28] to the detection of nearly any
kind of biological matter like viruses, microorganisms and proteins [2, 20, 25] even down to
the single molecule level [4, 26].
The most common types of WGM resonators used for sensing are fused silica microspheres
[2], silica microtoroids [13] and polystyrene microbeads [18]. These devices share isotropic
optical properties, high refractive indices compared to water and their amorphous nature.
In this study we introduce and investigate for the first time ultrahigh-Q single crystal WGM
resonators for sensing purposes. We chose magnesium fluoride (MgF2) as the resonator
material because its refractive index is very close to that of water and it is thus expected
to show a stronger sensitivity towards the surrounding. Moreover it is slightly anisotropic
and therefore the difference in responsivity of TM and TE modes is larger than in isotropic
materials which will help to implement schemes based on relative frequency measurements.
Finally MgF2 resonators are known for their high Q factors [1, 16], which do not degraded in
aqueous environment [24], apart from the influence of potential absorption of the evanescent
field by water.
In the first part of the paper we discuss the differences concerning sensitivity, behavior
of TM and TE modes and evanescent field length between fused silica and MgF2 resonators
theoretically. In the second part we present experimental results showing the significantly
extended evanescent field decay length and sensitivities against refractive index changes of
two different MgF2 WGM resonator geometries.
II. THEORY
Whispering gallery modes have been analytically described for different geometries in
various publications [3, 5, 8, 19, 22]. Such modes arise from boundary conditions at the rim
of convex shaped, usually rotationally symmetric, dielectric bodies like spheres or spheroids.
Due to the resonator’s higher refractive index compared with the surrounding, the light can
be guided and confined via total internal reflection at the boundary. Geometry and material
properties determine the resonance positions of the different types of modes. Usually these
modes can be characterized by the three mode numbers l, q, p which correspond to different
intensity distributions of the light close to the boundary: q ∈ N counts the number of maxima
in radial direction, p + 1 ∈ N corresponds to the number of maxima in polar direction and
l − p is the number of field oscillations along one roundtrip around the cavity. For close to
fundamental modes l can be estimated sufficiently with l ≈ 2piRnr/λ0.
The spectral position of the modes are found by solving Maxwell’s equations under proper
boundary conditions. They depend on the mode numbers, the refractive index of the res-
onator nr and its radius R as well as the index of the surrounding ns. For refractometric
sensing, we are interested in the dependence of the resonance wavelengths on small changes
of ns, which can be easily calculated by taking the derivative of the modal dispersion relation
3(see Ref. [11]). This yields for a spherical geometry
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The superscript denotes the polarization, where TE corresponds to modes with electric field
vectors parallel to the surface and TM perpendicular to it. Due to different boundary con-
ditions the two polarizations have slightly different sensitivities, even for isotropic resonator
materials such as fused silica. Note that there is no dependence on the mode number p. This
degeneracy is a consequence of the radial symmetry of a perfect sphere and is usually not
observed in experiments due to imperfections in the fabrication process of the resonator. If
the deviation from a sphere is strong, which is commonly the case for mechanically produced
crystalline WGM resonators, the p 6= 0 modes have to be described by a slightly modified
dispersion relation which can be found in [3, 5, 8]. These equations contain terms depending
on the eccentricity which, however, do not depend on the index of refraction and therefore
cancel out when taking the derivative. Thus we conclude that Eq. (1) and (2) predict the
sensitivity of non spherical resonators satisfactorily.
For the following considerations we always assume fundamental modes with q = 1 and
p = 1, however, it is worth mentioning that the sensitivity increases by approximately 2 −
3% per increased q-number. Apart from that, the sensitivity is mainly determined by the
refractive index difference between the resonator and the surrounding n2r−n2s and the radius
R. This is illustrated in Fig. 1 where Eq. (1) and (2) are plotted for different geometries
and materials. In Fig. 1(a) the index of the surrounding is assumed as ns = 1.329 (water at
795 nm) and the sensitivity is plotted against the index of the resonator nr. It is apparent
that the sensitivity increases significantly when nr approaches ns. The plot also shows that
the performance of MgF2 is in general better than fused silica due to its smaller refractive
index. In addition MgF2 is slightly birefringent (no = 1.375, ne = 1.387, see [6]), hence
the difference between TE and TM modes (corresponding to extraordinary and ordinary
polarization in a z-cut resonator) is stronger than in isotropic fused silica. In Fig. 1(b) we plot
the sensitivity against the resonator radius for MgF2 and fused silica for both polarizations.
The double logarithmic plot reveals that the sensitivity scales nearly inversely proportional
for all cases down to very small resonator sizes. Therefore we find, that a MgF2 resonator can
be 4.25 times larger than a fused silica one to show the same sensitivity against refractive
index change. It is interesting to mention, that the ratio of shifts between TM and TE
modes is also nearly constant for all cases. They are 1.17 for fused silica and 1.49 for MgF2
WGM resonators.
The higher sensitivity of MgF2 has certain advantages over fused silica. As the resonator
can be approximately four times larger to provide the same performance, a mechanically
stable implementation is much easier. Also, larger resonators show less noise due to thermally
induced short term fluctuations. Significant contributions come either from thermoelasticity
or thermorefraction which scale inversely proportional to the resonator volume and the modal
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FIG. 1: a) shows the dependence of the sensitivity (wavelength change of the modes
over refractive index unit (RIU) change) on the bulk index of the used resonator ma-
terial. The resonator radius was assumed to be R = 1 mm and we only consider
fundamental modes (q = 1). TM and TE modes have slightly different sensitivities due
to different boundary conditions, but both increase when the resonator index comes
closer to the index of the surrounding (which is assumed to be water, ns = 1.329 at
795 nm). The refractive indices of MgF2 and fused silica are marked by dashed lines.
It is apparent that the birefringence of MgF2 causes a stronger dispersion between TE
and TM as compared to the isotropic cases such as fused silica. b) shows the sensi-
tivities of MgF2 and fused silica resonators against their radius. The linearity in the
double logarithmic plot indicates that MgF2 resonators can always be 4.25 times larger
to reach the same sensitivity as fused silica ones. Moreover the ratio between TM and
TE sensitivities stays constant (nameley 1.49 for MgF2 and 1.17 for fused silica).
volume respectively [7, 21]. However, we want to point out, that long term thermal drifts,
which are the major problem in most resonator based sensing applications are independent
of the resonator size and arise only from material parameters such as thermal expansion and
thermorefraction. These are very similar to those of fused silica and thus thermal drifts are
expected to be in the same order of magnitude. To overcome this problem, Le et al. [15]
proposed and demonstrated a scheme using difference frequency measurements between TE
and TM modes in fused silica. As this difference is significantly more sensitive to refractive
index changes than to temperature changes, the influence of thermal drifts has been reduced.
Such a scheme requires high enough modal density, to observe TE and TM modes within
the sweeping range of the laser simultaneously, and the difference between the TE and TM
sensitivities being as large as possible. Both is given in MgF2 resonators due to the larger
resonator size and the materials birefringence.
Finally, we want to point out that the small index contrast of MgF2 with respect to
water results in a significantly longer decay distance of the evanescent field leaking out of
the cavity. The field decay outside the dielectric r > R can be described as [17]
E(r) ∝ e−κr with κ ≈ 2pi
λ0
√
n2eff − n2s (3)
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FIG. 2: a) shows the setup used to characterize the two MgF2 resonators. They can be
mounted from above within a basin which itself is mounted onto a piezostage. One of
the walls of the basin is a SF11 prism which is used for coupling a tunable laser around
795 nm to TM and TE modes simultaneously by using 45◦ polarized light. The reflected
light is separated via a polarizing beam splitter and sent to two photodiodes to enable
tracing of TM and TE spectra at the same time. A mirror which is part of a Michelson
type interferometer is attached to the backside of the basin to measure the displacement
of the prism with respect to the resonator. The results of this measurement are shown
in b): we plot the normalized coupling contrast of two (different) TM modes of the
large resonator (R = 2.91 mm) in air and water against the traveling distance of the
coupling prism. From this we extract the evanescent field decay length for air (water)
κ−1 = 134(382) nm by fitting equation (4) to the data.
here, λ0 is the vacuum wavelength and neff is the effective refractive index of the considered
mode, which is always below, but usually close to the bulk refractive index nr. From this the
field decay length in water κ−1 can be calculated to be 379 nm for TM in a MgF2 resonator
with R = 1 mm and only 231 nm for TM in a fused silica sphere with R = 0.235 mm. The
radii correspond to resonators of same bulk index sensitivity. Such a long evanescent field
extension can be advantageous because the overlap and thus the sensitivity will be enhanced
if sensing of large particles or microorganisms like bacteria is desired [20].
III. EXPERIMENT
The experimental setup is depicted in Fig. 2(a). The resonator is glued onto a rigid brass
rod which is mounted ‘head down’ such that the resonator is located in a basin which can be
water filled. Three of the basin’s walls are made of polyethylene while the fourth is a SF11
glass prism (np ≈ 1.77) which is used for evanescent coupling to the resonator. The light,
coming from a widely tunable grating stabilized diode laser emitting around 795 nm, was
adjusted to 45◦ linear polarization to excite TE and TM modes simultaneously. In reflection,
the light is separated by a polarizing beamsplitter to discriminate and trace TE and TM
modes at the same time. The coupling strength can be adjusted by moving the whole basin
and thus the prism via a piezo stage. To investigate the evanescent field decay, we measured
the traveling distance of the piezo via a Michelson type interferometer whereby one of the
6mirrors is attached to the backside of the basin.
For our experiments, we use two MgF2 resonators (no = 1.375, ne = 1.387 at 795 nm) of
different size. Both were fabricated on a home build lathe as described in [9]. A diamond
cutter was used to preshape the rim of the resonators for optimized incoupling followed by
careful hand polishing with a diamond slurry to ensure optical quality of the surface and
hence high Q factors. The larger resonator has a radius of R = 2.91 mm and the smaller
one R = 1.19 mm.
Due to the birefringence of MgF2 , the fundamental TE and TM modes have slightly
different coupling angles according to φ = arcsin(nr/np) (see Fig. 2(a)) inside the prism.
The optimal coupling angles outside the prism hence differ by about 1.1◦ which is small
enough to excite fundamental modes of both polarizations simultaneously with minor loss
of coupling efficiency.
Figure 3 shows exemplary overview spectra and Q factor measurements for TM modes of
the large resonator in air and in deionized water. Loaded quality factors were derived from
sideband calibrated line width measurements at critical coupling according to Q = ν/∆ν.
While coupling depth and modal density remain approximately the same when the resonators
are immersed in water, the Q factor drops significantly as water has higher absorption than
MgF2 at 795 nm. For TM (TE) we measuredQair = 7.3×108 (1.9×108) andQwater = 2.1×108
(1.7×108). The Q factors for the small resonator are slightly smaller, but still remain above
1× 108 in air and water. Apart from the initial drop, the Q factors were stable over several
hours in water.
We investigated the length of the evanescent field by measuring the intensity reflected
from the cavity at resonance wavelength for different coupling strengths while also registering
the traveling distance of the prism via the interferometer. In Fig. 2(b) such data for the
small resonator in air and water environment are plotted for two (different) TM modes: the
reflected intensity is normalized such that critical coupling (maximum contrast) corresponds
to zero and no coupling to one. The normalized reflected intensity can be described by [27]
R =
(
1− Are−2κd
1 + re−2κd
)2
, (4)
where A contains the geometrical matching of the incoming beam with the outcoupled one,
while r = δc/δi is the ratio between maximally achievable coupling δc and intrinsic loss δi
and d is the distance of the coupler to the resonator’s surface. From this fit we derive the
field decay lengths κ−1 = 134 nm in air and 382 nm in water which matches the theoretical
values of 135 nm and 377 nm quite well. Note that the theoretical values were derived using
neff for the a fundamental mode q = 1 and not just the bulk index.
For sensitivity measurements, we filled the basin with a defined amount of deionized
water, waited till the thermal equilibrium was reached and readjusted the resonator-prism
distance to reach the critical coupling regime again. We prepared a glycerol solution of known
concentration and also let it reach equilibrium conditions. For each measurement, 10 µl of
the glycerol solution were added to the basin and mixed carefully to prevent the buildup of
concentration gradients. After 60 s, when the mode shifts reached equilibrium, both spectra,
TE and TM, where acquired via an oscilloscope. The shifts where evaluated by fitting a
Lorenzian to each mode and comparing the peak positions between each measurement. We
calculate the refractive index change for each measurement from the injected amount of
glycerol using the Lorentz-Lorenz relation [12]. The results are presented in Fig. 4 where
the wavelength shift of modes of both polarizations from both resonators are plotted against
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FIG. 3: shows exemplary overview spectra of different TM modes of the large res-
onator in air and immersed in water after readjusting coupling. Qualitatively, modal
density and coupling efficiency remains the same in water. Also shown are zoom ins
of (two different) TM modes before and after immersing the resonator. The loaded Q
factor was derived from the linewidth acquired by Lorentzian fits while the resonator
was critically coupled. The measured linewidth in air was limited by the linewidth of
the used laser system.
the refractive index change. As this change is only small, the spectrum’s response is as
expected for both resonators linear and the sensitivity can be extracted from the slope of a
linear fit to each curve.
Qualitatively the curves match the expected behavior: the small resonator is more sen-
sitive to refractive index changes than the larger one and in both resonators the TM
mode shifts stronger than the TE mode. The large resonator shows a sensitivity of
1.10 (0.73) nm/RIU for TM (TE) which deviates less than 5% from the theoretical values for
q = 1 modes. The small resonator, however, shows a sensitivity of 3.26 (2.19) nm/RIU for
TM (TE), which is about 15% higher than theory predicts for fundamental modes. In Fig. 4
the theoretically expected responses for the small resonator are represented by the dashed
lines and show that the experimental sensitivity exceeds the theoretical one systematically.
IV. CONCLUSION
In this paper, we discuss and demonstrate for the first time the feasibility of high-Q
crystalline whispering gallery mode resonators made from magnesium fluoride for refrac-
tometric sensing. We show theoretically that MgF2 with its refractive index being close
to that of water and slightly polarization dependent (birefringent) has some advantageous
properties over the standard sensing material fused silica. The smaller refractive index leads
to stronger interaction with the surrounding medium and thus to better sensitivity, which
allows to use larger resonators providing intrinsically larger modal density and better short
80 . 0 0 . 2 0 . 4 0 . 6 0 . 8 1 . 0 1 . 2 1 . 4 1 . 60 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0
3 . 5
4 . 0
4 . 5
5 . 0  l a r g e  r e s o n a t o r  T E l a r g e  r e s o n a t o r  T M s m a l l  r e s o n a t o r  T E s m a l l  r e s o n a t o r  T M
spe
ctra
l sh
ift (
pm
)
r e f r a c t i v e  i n d e x  c h a n g e  ( 1 0 - 3 )
c o r r e s p o n d i n g  t h e o r y
FIG. 4: The plot shows the measured wavelength change of TE and TM modes against
refractive index change of the surrounding water for the large (R = 2.91 mm) and the
small (R = 1.19 mm) resonator. Linear fits, indicated by the straight lines, where used
to extract the sensitivities. The dashed lines correspond to the expected responses
derived from Eqs. (1) and (2) for the different cases. One can see that the sensitivity
of the small resonator is about 15% above the theoretically predicted trend.
term stability than a fused silica resonator of same sensitivity. These properties simplify
rigid mechanical mounting, the implementation of measurement schemes requiring multiple
modes and the tracing of fast processes. The birefringence amplifies the sensitivity difference
between TM and TE mode families which is helpful for the implementation of temperature
drift neglecting schemes.
We do first experiments, proving that MgF2 WGM resonators are suitable devices for
refractometric applications. Two resonators of different size in the mm regime were fabri-
cated via diamond turning and carefully characterized in air and aqueous environment. In
water, both resonators show non decaying loaded Q-factors above 108 and keep their high
modal density. Using interferometric distance measurements, we show that the penetration
depth of the evanescent field matches the theoretical prediction quite well and is thus ap-
proximately two times larger than for fused silica resonators of same sensitivity. Finally,
the sensitivity dependence on polarization and resonator size is demonstrated by measuring
the response of TM and TE modes to small refractive index changes of the water. Here we
observe a higher than expected sensitivity for the small resonator. The reason for this is
unclear and will be subject of a further study.
9Theoretical calculations [17] show that even for the small index difference between MgF2
and water the radiation limited Q factor remains far above 108 for resonator radii smaller
than 250 µm. This means, according to our calculations and measurements, that MgF2 res-
onators can easily compete with fused silica spheres smaller than 60 µm, while maintaining
the advantages we have pointed out. Furthermore, we recently showed that the slight bire-
fringence of a MgF2 WGM resonator can harbor elliptically polarized modes if its optic axis
is tilted with respect to the rotational symmetry axis while preserving ultrahigh Q factors
[23]. This feature could enable sensing of optically active liquids.
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